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A MATHEMATICAL MODEL FOR EVALUATING FLUIDIZED
BED COMBUSTION EFFICIENCY OF OIL SHALE

JIA IIYH-AHb, JAHB I]34-JIHHb

MATEMATHYECKASA MOJEJB IJid ONEHKU 9®PEKTHBHOCTH
TOPEHHSA T'OPIOYEI'O CJAHIIA B KHIIAIIEM CJIOE

Abstract

Carbon combustion efficiency is one of the significant parameters to
evaluate the operational performance of fluidized bed boiler for burning
oil shale. In this paper, a mathematical model was developed which
consists mainly of single-particle oil shale combustion kinetics and
residence time distribution function of oil shale with different particle
sizes (0—10 mm). On the basis of oil shale combustion kinetic parameters
and operation variables, the model was used to calculate the carbon
combustion efficiency of Maoming fluidiZed bed boiler with a capacity
of 35 t/hr. The obtained results indicate that the model gives a good
agreement with the organic carbon analysis data in oil shale ash from
fluidizZed bed combustion boiler.

I. Introduction

In recent years, much attention has been paid to energy sources and
environmental protection in the world. In order to utilize coal resource
sufficiently and to reduce environmental pollution efficiently, fluidizZed
bed combustion technology (FBC) has been widely used in power plants
for burning coal. FBC has all the advantages of conventional combustion
technology plus some additional benefits. In FBC units, due to relatively
low temperature, NO, emission can be greatly reduced. In addition, the
mixture of limestone or other sorbents in the combustion bed will result
in the capture of SO, in flue gas. Another advantage of FBC is to make
the combustion of low grade solid fuels possible because of longer resi-
dence time for combustion. Therefore, fast development of FBC has been
achieved. And a lot of fundamental research work has been performed
on FBC for coal combustion.

In Fushun and Maoming, China, different scale FBC plants for burning
oil shale have been built in order to meet the need of local power supply.
In these plants, particulate oil shale (<<8 mm in diameter) is used as
feedstock which cannot be utilized in the present oil shale lump retorts
and has been discarded for many years. After several trial operations,
preliminary success has been made in Maoming oil shale fluidizZed bed
boiler, but further improvements should be done. On the other hand,
Maoming Petroleum Industry Corporation is planning to import FBC
technology from abroad to build a large power station for burning oil
shale. However, basic investigations on FBC for oil shale combustion
are scarcely found in the literature at home and abroad up to now. So,
it is neccessary to carry out fundamental studies on oil shale fluidized
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bed combustion. The fundamental information and the analysis of exist-
ing processes are important for the improvement of present boiler, for
the design of new type boiler, as well as the understanding of imported
technology. The objective of this study is to develop a mathematical
model by using experimental data and operation variables of oil shale
fluidized bed combustion boiler. The model will be used to calculate the
combustion efficiency of FBC for oil shale and then to evaluate the
operational performance of the boiler.

Il. Mathematical Model

1. Residence time distribution.
According to the literature [1], residence time distribution of a solid
particle in fluidized bed can be shown below:

E(t, d) — —1 exp[—t/H(d)] 1)
t(d) ;
where E(t,d) — residence time distribution function (s
d — particle diameter (cm)
t — residence time (s)
T(d) — average residence time (s), its expression is written as
follows;
t(d) = W/[F + W - K(d)] (2)
where F — oil shale feed (Kg/s)
W  — stationary bed weight (Kg)

K(d) — entrainment coefficient of particle (s %), defined as the
ratio between weight of entrained particle and weight
of same sizZe particle in the bed.

2. Particulate oil shale combustion kinetics

Fast combustion kinetics of Fushun and Maoming oil shale particle
has been investigated to simulate the behaviour of fluidized bed com-
bustion for oil shale [2]. The results indicate that fluidized bed com-
bustion of oil shale mainly takes place in two stages. The first stage
belongs to fast heating combustion, which can be characterized by
oil shale pyrolysis kinetics. In other words, oil shale is at first subject
to pyrolysis to produce volatiles, and the volatiles are burned in gas
phase. The second stage is isothermal combustion of oil shale char at a
constant temperature (i.e. operation temperature of bed). According
to the previous study [3], at fast heating step, relationship between
organic carbon conversion and temperature can be shown below:

ART? 2RT E
X(t) =1 — exp[— —p— (1 ——g—)exp(— p7)] 3
where A — pre-exponential factor (s}
E — apparent activation energy (J/mol)
R — gas constant (R = 8.314 J/mol.K)
U — reaction temperature (K), (' =T, + Bt)
X(t) — organic carbon conversion for oil shale combustion at
time ¢, i.e. carbon combustion efficiency
B — heating rate (K/s)

In second combustion step, isothermal combustion of oil shale particle
can be described by using shrinking core reaction model with three
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rt.asistances. The three resistances involve gas film diffusion, ash layer
diffusion and chemical reaction. Its expression can be written below [2, 4]:

t = dgo/T2Cag{d/4D.[1 + 2(1 — X(t)) —

— 801 — X ()" - XANE, 13 —B(1—= KK} (4)
where C4, — O, concentration in gas phase (mol/cm?) :
. — effective diffusivity of O, in ash layer (cm?/s)
K; — gas film mass transfer coefficient (cm/s)
K, — reaction rate constant (cm/s)
0oc — organic carbon density of oil shale particle (g/cm?)

It is clear that equation (4) is an implicit function for carbon conver-
sion X(t). Hence, a trial-and-error method will be needed to obtain X(%).

3. Weighted average of carbon conversion

The conversion X(t) calculated by equations (3) and (4) is the function
of individual particle diameter d. So, particles with different diameters
will result in different conversion values. Even if the same size particle
is considered, different results may be obtained, which depends on the
residence time distribution of a certain size of oil shale particle. There-
fore, combustion conversion of oil shale with the same particle size has
to be determined by weighted average using residence time distribution
function. The expression is below:

Ky TE(d, t) - X(t)dt (5)

X(d) represents weighted average of conversion for the certain

- particle sizes. E(d,t) and X(t) are given in equations (1), (3) and (4). It

should be pointed out that the integration of equation (5) must be made
in two regions due to two X(?) expressions involved. '

The conversion X(d) from equation (5) is a function of particle dia-
meter d. Because oil shale particles with different sizZes (0—10 mm)
were used as the feedstock of fluidizZed bed boiler, an overall averaged
conversion (efficiency) will be calculated to estimate the combustion
efficiency of oil shale. The equation can be written as follows:

i ,S":_}lc(d,) . Y(dy (6)

where X — overall averaged con version, i.e. organic carbon com-
bustion efficiency; ;
Y(dy) — weight fraction of feedstock with diameter dj
n — there are n different particle sizZes involved in feedstock
; (in this study, taking n = 12).

II1. Data and Results

In order to apply the mathematical model toﬁluid}zied bed combustion
boiler, the operation variables of units are given 1n Table 1. . §

The sieve analysis data concerning fly ash, overflow ash and oil Sh:‘?. e
in the bed are listed in Table 2 respectively. It is noted thz}t the data for
oil shale in the bed were calculated by weight average of' overflow ash

and fly ash.
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Table 2. Sieve analysis data of oil shale and its ash
Tabauya 2. [laHHBIe CATOBOrO0 aHAJH3a rOPIOYEro CJIAHIA H IBLIN

Particle diameter, mm

0.045 0.076 0.10 0.15 023 032 0.75 15 25 40 6.0 9.0

Fly ash, x

wt.-% 231 168 3.67 3.63 16.17 30.25 36.17 . 6.14 O 0 0 0
Overflow

ash, wt.-% 0 1.10 045 1.80 — 4.92 24.78 20.62 6.81 15.13 12.10 12.30

Oil shale in
bed, wt.-% 1.54 1.49 260 3.02 10.78 21.81 32.36 10.97 2.27 5.04 4.33 4.10

Table 3. Combustion kinetic parameters for Maoming oil shale particle

Tabruya 3. KuHeTHYeCKHe MapaMeTpsl FOPEHHsA A YACTHIIBI TOPIOYEero cjaaHna
MeCTOpOKAeHuA MaomuH

E, A, K;, Ky, Dy @ Cag B, R,
J /mol =1 cm/s cm/s em®/s  g/em®  mol/em’ °C/s J/mol.K
54 883 793 4.15 222 0.15 0.16 3X 10%6.5 8.314

The kinetic parameters of Maoming particulate oil shale combustion
are shown in Table 3 [2].

On the basis of data in Table 1 to 3, oil shale combustion conversion
can be calculated by using developed model, i.e. equations (1) to (6).
The results are shown in Table 4. The main calculation steps are as
follows: \
(1) To calculate entrainment coefficient K(d) of different particle sizes
by using the known data in Tables 1 and 2.

(2) To determine the average residence time #(d) as a function of particle
diameter by means of equation (2).

" (3) To obtain the expression of the residence time distribution function
E(d,t) by using equation (1) and the known results of #(d).

(4) To calculate the combustion conversions, which are different for
the different oil shale particle diameters, by using equations (3) to (5).

(5) To calculate the combustion efficiency of oil shale by using equa-
tion (6) and data in Table 2.

In Table 4, X(d) and Xo(d) represent oil shale combustion conversion
in fast_heating stage and at constant temperature stage respectively,
while X(d) is total combustion conversion, X(d) — X,(d) +Xo(d), as
a function of particle diameter. If conversion X(d) will be averaged
over total diameter range (0—10 mm), the overall combustion efficiency
equal 95.1 9%. The result corresponds to 0.85 % in terms of organic car-
bon content in shale ash, which is identical with its analysis data for
boiler’s shale ash (0.83 %, see Table 1).

IV. Conclusions

Several major conclusions are as follows (as shown in Table 4):
1. A larger oil shale particle size results in a longer average residence
time.

2. Fast heating stage contributes about 60—80 9, of total combustion
of oil shale, which is different due to different particle size.
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3. Overall averaged combustion conversion (efficiency) X(d) decreases
from about 97 % to 909% with the the increase of particle size.

4. Model prediction for overall combustion efficiency gives a satisfac-
tory agreement with the operation data, which indicates a successful
application of the model to the evaluation of oil shale fluidized bed
combustion process.

5. Further investigations are needed to improve the model, particularly,
in the residence time distribution function.

PE3IOME

Ilpepnaraercss MaTeMaTHYecKas MOJENb AJIA OLEHKH 3¢ DeKTUBHOCTH COKUTAHUS
ropiouero CJIaHIla B KHIIALIEM CJIOe.

B mociiefHee BpeMs HasBaHHAs TEXHOJOIWS IIMPOKO NPUMEHSETCHA MIJIA CIKM-
ragus yrog. [Ipy 9TOM yMeHbIIAeTCd BBIJEJIeHHe NO: u SO, cTaHOBHUTCH BO3-
MOJKHBIM MCIIOJIB30BAHME HU3KOCOPTHHIX TBEPJBIX TOILIHB.

B Kurae, 8 ®ymyHe u MaoMuHe, UMeeTCsH HECKOJIbKO YCTAHOBOK JJId COKUTA-
HUSI B KUOSIIEM cJoe ropiouux ciaannes. Ilpepnaraemas Mozeslb paspaboraHa
HAa OCHOBAHWHM pe3yJIbTATOB paHee OMYyOIMKOBAHHBIX HCCJIeIOBAHUM, a TaKKe
DKCIIePMMEHTATBHBIX AAHHBIX O paboTe KOTJa AJIfA CKUTAHUS FOPIOYHX CJIAHIEB
B KunsmeMm cioe B Maomune.

Tlonbaysics aToit Mofensio (ypaBHenus (1)—(6)), Ha 6asze [JaHHBIX, IPeACTaB-
JeHHBIX B Tabaumax 1—3, MOMXHO ompeAeauTh 3GhdEeKTHUBHOCTH (kKOoHBEpPCHIO)
coxuranusg ciaasna. CooTBeTCTBYIOIIHEe pe3yJbTaThl IPUBEJEHBL B Tabsx. 4. Ha
OCHOBAHUHU €6 NaHHBIX AeJaloTCA CJeAyIoliue BBIBOJBL:

1. Bonpumuii padMep YaCTHIBI OPyCIOBIUBaeT Gojiee MPOAOJKHUTENBHOE CpelHee
BpeMs eé NMpeOBIBAHUS B KHIIAIIEM CJIO€.

2. Cragus OBICTPOrO Harpesa COCTaBJIseT 60—80 9% oT BpeMeHM IIOJHOTO rope-
HUSA CJAHIA. : X

3. CymmapHas cpefHAs KOHBEPCHS (edbdbexTuBHOCTS) ropeHus X(d) yMeHBIIAETCA
npumepHo ¢ 97 10 90 % mO Mepe yBeJHYeHHS Pa3MEPOB KYCKOB.

4. launbie 06 3 GhEKTUBHOCTH TOPEHM:A, ONPE/eNeHHBIe NPH IOMOIIM MOJEeJH,
Y/IOBJIETBODUTE/IBHO COBIAJAIOT C PE3yJNbTATAMH SKCIEPHMEHTa, [TO CBUJETENb-
CTBYeT O TOM, UTO TpeAJaraeMas MOJeNb NPUIOJHA [JIs OLEHKM Ipollecca rope-
HUS CJaHIla B KUIANIEM CJIOe. i

5. Heo6xXoauMO TIPOAOJKUTE HCCJIefOBaHUA, 4yTOo6EI OGECIeYMTh JAajibHellnee
COBEpIIEHCTBOBAHME MOJEJNH, B YACTHOCTH B OTHOIIEHHUH byHKIHE paclpejee-
HUS BpeMeHH NpeOBIBaHHSA YACTULEI B KUIIAIEM CJIO€.
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